Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common human cancers worldwide, and it is the second leading cause of cancer-related death in China. Although several novel therapeutic methods have been developed in recent years, the 5-year survival rate of HCC remains poor, with currently 7% of survival rate due to delayed diagnosis. The majority of patients with advanced HCC do not survive for longer than 6 months from the time of diagnosis. Over the last two decades, many genetic alterations in cancer-related genes have been implicated in hepatocarcinogenesis, including mutations of p53, Rb1, β-catenin and DNA amplification [@B1]-[@B3]. However, these alterations more likely occurred in advanced HCC. Thus, markers for the early diagnosis of HCC are urgently needed.

Epigenetics has emerged recently as one of the most exciting frontiers in the study of human carcinogenesis [@B4],[@B5]. Tumor suppressor genes (TSGs) that are hypermethylated in tumor cells have the potential to be diagnostic markers or prognostic indicators, and the functional pathways in which they participate might represent potential targets for therapeutic exploitation. The tumor- and tissue-specific TSGs methylation profiling had been made in a number of cancers, such as multiple myeloma, gallbladder cancer, ovarian cancer, etc. [@B6]-[@B8]. Frequent hypermethylation of several TSGs such as p16, GSTP1, E-cadherin, SOCS1 and RASSF1A have been implicated in hepatocarcinogenesis [@B9]-[@B11]. However, hypermethylation of TSGs is not only observed in HCC tissues, but also present in premalignant conditions such as dysplastic nodules or cirrhotic liver [@B12],[@B13]. This generates confusion whether these genes could serve as epigenetic biomarkers for the early detection of liver cancer from premalignant liver diseases. Therefore, tumor-specific biomarkers for the early diagnosis of HCC are particularly important.

Another epigenetic phenomenon is post-translational modification of the N-terminal tails of core histones, including methylation, acetylation, ubiquitylation and phosphorylation. Histone modifications and DNA methylation represent two layers of epigenetic information that regulate chromatin structure and gene transcription. Methyl-CpG binding domain (MBD) proteins play important roles in the interactions of DNA methylation and histone modifications by either recognizing methylated DNA and recruiting histone modifiers, or recognizing histone modification status and recruiting DNA methyltransferases (DNMTs) [@B14]. In contrast to these proteins, UHRF1 (also known as ICBP90 or Np95) specifically recognizes both methylated DNA and trimethylated H3K9, and links them [@B15]-[@B17]. Our previous data showed that UHRF1 was overexpressed in HCC tissues but not in corresponding noncancerous tissues (data not shown); however, how it regulates HCC-related TSGs is unknown. It is now well established that there is a cross-talk between DNA methylation and histone lysine methylation. However, we currently know much less about the interactions between DNA methylation and arginine methylation, and the mechanisms by which histone arginine methylation regulates transcription remain poorly understood. More recently, it has been reported that, in addition to histone lysines, UHRF1 can bind to histone arginine H3R2 to regulate gene expression [@B18]. The new structure of the tandem tudor domain of UHRF1 bound with histone H3 tail reveals that it contains three structured H3 residues, H3R8-H3K9me3-H3S10 [@B19].

In the present study, we first made the promoter methylation profile of ten TSGs (3OST2, ppENK, CHFR, LKB1, THBS1, HIC1, SLIT2, EDNRB, COX2, and CLDN7) in 48 paired HCCs and corresponding noncancerous tissues. Subsequently, we selected the most valuable biomarker to explore its epigenetic regulation mechanisms, using a demethylating agent, 5-aza-2-deoxycytidine (5-Aza-CdR), and a histone deacetylase (HDAC) inhibitor, trichostatin A (TSA), alone or in combination in HCC cells. Whether UHRF1 or the different methylation states of H3R8 are associated with the hypermethylated biomarker was also analyzed. Our present data may provide useful clues for the relationship between DNA methylation and histone modifications in the regulation of DNA methylation-induced gene silencing.

Materials and Methods
=====================

Patients and tissue specimens
-----------------------------

Forty-eight cases of HCC and matched corresponding noncancerous liver tissues with confirmed histopathological diagnosis were obtained immediately after hepatectomies at the Prince of Wales Hospital in Hong Kong. Both the HCC and noncancerous liver tissues were immediately snapped frozen in liquid nitrogen and stored at -80ºC in a freezer before DNA extraction. The median age of the patients was 54.3 years (range of 17 to 75). The patients received clinical follow-up for up to 80.3 months, and the clinical characteristics of the patients are shown in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}. The Committee of Ethical Research at Shandong University and the Ethics Committee of Chinese University of Hong Kong, China provided ethical approval.

Cell lines and inhibitors treatment
-----------------------------------

Human normal liver cell line QSG-7701 and HCC cell line BEL-7402 were obtained from the Chinese Academy of Sciences Cell Bank, Shanghai. Both cell lines were maintained in RPMI 1640 with 10% fetal bovine serum at 37°C and 5% CO~2~. BEL-7402 cells were plated and incubated with 5-Aza-CdR and TSA (Sigma, St. Louis, MO, USA) either alone or in combination. Cells were exposed to 5-Aza-CdR (5 μmol/L) for 96 h or to TSA (300 ng/ml) for 48 h. For combined treatment, cells were initially cultured with 5-Aza-CdR (5 μmol/L) for 48 h and subsequently co-treated with TSA (300 ng/ml) for an additional 48 h.

Methylation-specific PCR (MSP)
------------------------------

Genomic DNA was extracted from tissue samples and liver cell lines using a Genomic DNA Purification Kit (QIAGEN, Hilden, Germany). Bisulfite modification of the DNA was carried out by the Intergen CpGenome DNA modification Kit (Intergen Company, New York, NY) according to the manufacturer\'s protocol. Methylation-specific PCR (MSP) was performed with methylation-specific primers (sequences are shown in Table [1](#T1){ref-type="table"}). Each PCR reaction was performed with a total volume of 12.5 μL, which contained 0.05 μL of Hot-StarTaq Master Mix (Qiagen), 1 μg of bisulfite-treated DNA template, and 0.2 μM of each primer pair. Annealing temperature of PCR amplification for each gene is list in Table [2](#T2){ref-type="table"}. The reaction mixture was incubated at 95°C for 12min, followed by 40 cycles of 94°C for 30 sec, X°C for 30 sec (X= annealing temperature), 72°C for 45 sec, and a final extension at 72°C for 10 min. PCR products were analyzed on 3% TBE agarose gels, and subsequently visualized by ethidium bromide staining.

Real-time reverse transcription PCR (qRT-PCR)
---------------------------------------------

Total RNA was extracted from HCC cells using TriZol reagent (Invitrogen) according to the manufacturer\'s instructions. First-strand cDNA was synthesized from 1 μg of total RNA with Primer Mix and RT Enzyme Mix (Toyobo, Japan). qRT-PCR was performed in a 20 μl reaction, which included 3 μl of cDNA template, 5 μM each of forward and reverse primer, and 10 μL of SYBR Green I (Bio-Rad, Hercules, CA, USA). The primer sequences for 3OST2 and UHRF1 amplification were: 3OST2 (F, 5\'-CGGCGAGATGGGGCGAGTCC-3\' and R, 5\'-TCGGAGCTGGTCTATCACTT-3\'), and UHRF1 (F, 5\'-CCAGCAGAGCAGCCTCATC-3\' and R, 5\'-TCCTTGAGTGACGCCAGGA-3\'). The transcription of β-actin was used as an internal control for normalization. PCR amplification was under the following conditions: 35 cycles of 95°C for 30s, 60°C for 60s. The Ct value was defined as the number of PCR cycles in which the fluorescence signal exceeded the detection threshold value. Firstly, ΔCt = Ct Gene - Ct β-actin. Then, ΔΔCt = ΔCt treated - ΔCt control. Lastly, 2-ΔΔCt was calculated to represent the relative mRNA expression of target genes.

Immunohistochemistry
--------------------

Cells were seeded in a six-well plate that contained chamber slides and were exposed to inhibitors after the cells had adhered. To ensure that the antibody could enter the nuclei, the slides were incubated with 0.5% TritonX-100 for 30 min. The cells were incubated with antibodies against UHRF1 (1:100) overnight at 4°C, followed by incubation with secondary antibody for 1 hour at room temperature, and visualized using diaminobenzidine. Only distinct nuclear staining was considered as positive. Immunohistochemical scoring was completed using a semiquantitative assessment of both the intensity of staining (intensity score: absent, 0; weak, 1; moderate, 2; strong, 3) and the percentage of positive cells (extent score: absent, 0; \<10%, 1; 10-50%, 2; \>50%, 3). From multiplying the intensity score by the extent score, a score index was derived, which ranged from 0 to 9.

Western blot analysis
---------------------

Equal quantities (50μg) of whole-cell protein lysates from untreated and 5-Aza-CdR/TSA treated cells were separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% non-fat dry milk in TBST for 2h, and then incubated with the primary antibodies specific for UHRF1 (1:100; Active Motif), H3R8me1 (1:200; Active Motif), H3R8me2s (1:200; Novus Biologicals) and H3R8me2a (1:100; Novus B iologicals) at 4°C overnight, followed by incubation with secondary antibodies. Bands were visualized using the ECL Western blotting system (Amersham Biosciences, Buckingham, UK). An anti-β-actin antibody was used as an internal control.

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

In brief, 2×10^6^ cells were cross-linked in 1% formaldehyde, followed by sonication to fragment the DNA into 200 to 1000 bp fragments. 20μl of the supernatant was saved as the input DNA, and the remainder was diluted 1:10 in ChIP dilution buffer. The chromatin fraction was pre-cleared with a salmon sperm DNA/protein agarose as a 50% gel slurry for 3 hours, and then immunoprecipitated overnight at 4°C with antibodies for UHRF1, H3R8me2s and H3R8me2a. A non-specific IgG (Santa Cruz) was used as a control. Incubating chromatin at 65°C for 2 hours reversed the cross-links, and DNA was extracted using the phenol-chloroform-isoamyl alcohol method. Purified DNA was analyzed by real time PCR (qPCR) to determine fold enrichment relative to input DNA. The primers used to amplify specific region of the 3OST2 promoter were: F, 5\'-GTTCCAACCACTCCGGCTCA-3\' and R, 5\'-CGTCCGGGTGTACTCGGATAA-3\'. Thermal cycler conditions were followed by 35 cycles of 95°C for 30 s and 60°C for 60 s. A Ct value was calculated for each sample: ΔCt = Ct (sample) - Ct (Input). Next, a ΔΔCt value was calculated by ΔΔCt = ΔCt (IP sample) - ΔCt (IP control). The fold difference between the IP sample and IP control was then calculated as 2-ΔΔCt.

Statistical analysis
--------------------

Statistical analysis was performed using SPSS 16.0 for windows (SPSS Inc, Chicago, IL). Frequencies of methylation were compared using chi-square test and Fisher\'s exact test. The chi-square test and Fisher\'s exact test were also applied to examine the correlation between promoter methylation status and clinicopathological features. The methylation status associated with patients survival was detected by Kaplan-Meier analysis. A *P*-value ≤ 0.05 was considered statistically significant.

Results
=======

Methylation profiling of TSGs in primary HCCs and matched corresponding noncancerous tissues
--------------------------------------------------------------------------------------------

We detected 48 pairs of HCCs and matched corresponding noncancerous liver tissues. Representative examples of methylation-specific PCR (MSP) analysis on primary HCCs are shown in Fig. [1](#F1){ref-type="fig"}. Table [2](#T2){ref-type="table"} summarizes the methylation frequency of each gene in the HCC samples and corresponding noncancerous tissues. The results showed that five genes had very high frequencies of methylation in HCC tissues; however, four of them had similar high frequencies (*P*\> 0.05) in corresponding noncancerous tissues (56.3% *vs.* 56.3% for ppENK, 66.7% *vs.*85.4% for HIC1, 97.9% *vs.* 95.8% for SLIT2, and 93.8% *vs.* 81.3% for EDNRB, *P* \> 0.05). Only the 3OST2 gene was frequently methylated in HCCs but less frequently methylated in corresponding noncancerous tissues (68.8% *vs.* 37.5%, *P*\< 0.05). Moderate frequencies of CHFR and COX2 methylation were found in HCC tissues while very low frequency was detected in corresponding noncancerous tissues (20.8% *vs.* 2.1%, *P*\< 0.01 and 25% *vs.* 4.2%, *P*\< 0.01, respectively). CLDN7, THBS1, and LKB1 had low frequencies of methylation in HCC tissues and corresponding noncancerous tissues (10.4% *vs.* 14.6%, *P*\> 0.05; 16.7% *vs.* 22.9%, *P*\> 0.05; and 4.2% *vs.*0%, *P*\> 0.05, respectively).

The 3OST2 gene was the best biomarker studied in the present data for the early diagnosis of HCC; thus, it was selected for further analysis. To evaluate the biological significance of 3OST2 methylation in hepatocarcinogenesis, we initially assessed the associations between 3OST2 methylation and clinicopathological parameters, such as sex, age, cirrhosis, HBV-infection, tumor size, and tumor differentiation. Subsequently, we also investigated whether the methylation of 3OST2 was associated with patient survival. However, the data revealed no correlation between 3OST2 methylation and any of the clinicopathological parameters, and there was no significant association between 3OST2 methylation and patient survival.

Transcriptional repression of 3OST2 is associated with promoter hypermethylation and histone modifications
----------------------------------------------------------------------------------------------------------

To determine whether 3OST2 is directly regulated by promoter hypermethylation in HCC, we investigated the changes in the 3OST2 promoter methylation status and mRNA expression in HCC cells before and after treatment with epigenetic inhibitors. The MSP results showed that the 3OST2 promoter was completely methylated in HCC cells but not in normal liver cells. 5-Aza-CdR partially reversed the 3OST2 promoter methylation. Interestingly, TSA alone could also alter the 3OST2 promoter methylation (Fig. [2](#F2){ref-type="fig"}A). After treatment by both inhibitors in combination, 3OST2 promoter methylation was completely reversed. Accordingly, the real-time reverse transcription PCR (qRT-PCR) results revealed that 3OST2 was downregulated in HCC cells compared to normal liver cells. Either 5-Aza-CdR or TSA treatment dramatically increased the expression of 3OST2 mRNA (by 2.97- or 4.43-fold, *P* \< 0.01, respectively) (Fig. [2](#F2){ref-type="fig"}B). In addition, combining 5-Aza-CdR with TSA showed additive effects (3OST2 expression increased by 8.21-fold, *P* \< 0.01).

UHRF1 expression was downregulated by 5-Aza-CdR and/or TSA in HCC cells and was involved in the regulation of 3OST2
-------------------------------------------------------------------------------------------------------------------

Several studies have indicated that UHRF1 is a conductor of the replication process by ensuring the cross-talk between DNA methylation and histone modifications [@B20],[@B21]. This cross-talk allows cancer cells to maintain the repression of TSGs during cell proliferation [@B22]. However, whether UHRF1 participates in HCC and how it regulates TSG has not been investigated. In this study, we detected its expression in HCC and normal liver cell lines. The results showed that UHRF1 was also highly expressed in HCC cells compared to normal liver cells, in which UHRF1 was not expressed. 5-Aza-CdR treatment alone slightly downregulated its expression, while TSA caused a sharp decrease (Fig. [3](#F3){ref-type="fig"}A).

To measure the levels of UHRF1 expression quantitatively after treatment with 5-Aza-CdR and/or TSA, we performed qRT-PCR and western blot assays. The results demonstrated very high levels of UHRF1 mRNA and protein in HCC cells, and a significant decrease was observed after treatment with 5-Aza-CdR. TSA caused a larger decrease, which was consistent with the results of immunohistochemistry. After treatment with both inhibitors, UHRF1 expression was decreased in both transcript and protein levels (Fig. [3](#F3){ref-type="fig"}B-D).

Next, we investigated whether UHRF1 is directly involved in the regulation of 3OST2 using a chromatin immunoprecipitation (ChIP) assay. The results revealed enrichment of UHRF1 at the 3OST2 promoter region in HCC cells but very low level in normal liver cells. After exposure to either or both of the inhibitors, the amount of UHRF1 binding to the 3OST2 promoter significantly decreased. Accordingly, the 3OST2 expression was increased (Fig. [2](#F2){ref-type="fig"}B), indicating that UHRF1 directly regulates 3OST2 expression (Fig. [3](#F3){ref-type="fig"}E).

Three methylation states of histone H3R8 have different functions in HCC cells
------------------------------------------------------------------------------

To understand whether H3R8 is methylated in HCC cells and whether the three methylation states would exert similar or opposite effects, we performed western blot analysis on the whole-cell extracts. The results showed that H3R8me1 and H3R8me2s were prominently present in the untreated HCC cell line BEL-7402 but were at low levels in human normal liver cell line QSG-7701. By contrast, H3R8me2a was present at a high level in QSG-7701 cells, but not in BEL-7402 cells (Fig. [4](#F4){ref-type="fig"}). After treatment with TSA, the levels of H3R8me2a increased; accordingly, H3R8me1 and H3R8me2s levels were decreased. Although the effect of 5-Aza-CdR was relatively small, it was a statistically significant change. The combination of 5-Aza-CdR and TSA produced additive effects.

H3R8 is symmetrically dimethylated in the methylated promoter of 3OST2
----------------------------------------------------------------------

Subsequently, to investigate whether methylated H3R8 could directly regulate hypermethylated 3OST2, we performed ChIP assays in QSG-7701 and BEL-7402 cell lines using anti-H3R8me2s and anti-H3R8me2a antibodies (no ChIP-grade H3R8me1 antibody was available). In the QSG-7701 cell line, the promoter region of 3OST2 lacked methylated H3R8me2s, while this epigenetic modification was enriched in the methylated 3OST2 promoter in the BEL-7402 cell line (Fig. [5](#F5){ref-type="fig"}). Interestingly, the H3R8me2s on the promoter region of 3OST2 in HCC cells was not inhibited by 5-Aza-CdR or TSA treatment alone; whereas it was 46.12% inhibited by the combination of these two inhibitors. In contrast, the amount of H3R8me2a in the 3OST2 promoter was very low in BEL-7402 cells compared to QSG-7701 cells, and was accumulated after 5-Aza-CdR or/and TSA treatment. Based on these data combined with the results of Fig.[2](#F2){ref-type="fig"}, it indicated that the level of H3R8me2s correlated with repression of 3OST2, while the level of H3R8me2a was associated with activated transcription.

Discussion
==========

Methylation of promoter has recently emerged as potential diagnostic markers in virtually all tumor types and plays a significant role in the early screening of cancer [@B23]-[@B25]. To identify critical tumor-specific events in hepatocellular carcinogenesis, we profiled the methylation status of ten tumor-related genes in primary HCC tissues and matched noncancerous tissues. A good marker for early diagnostic of HCC should be more easily detected in HCCs and the difference between HCCs and noncancerous tissues should be statistically significant. Our results showed that five genes (3OST2, SLIT2, EDNRB, HIC1, and ppENK) were very frequently methylated in HCC tissues. However, all of them, except 3OST2, had similar frequencies of methylation in corresponding noncancerous tissues (*P*\> 0.05); therefore, the diagnostic value of these biomarkers for HCC is debatable. For the CHFR and COX2 gene, there were significant differences in their methylation frequencies between HCC tissues and corresponding noncancerous tissues; however, the frequency in HCC tissues was not high (20.8% and 25%, respectively), thus limiting their diagnostic value in the clinic. The LKB1, THBS1, and CLDN7 genes were rarely methylated in HCC. DNA methylation has been involved in virtually every step of tumor development and progression, and some TSGs methylation is believed to occur early in tumor development. Our data indicated that during the transformation of HCC, methylation of some TSGs might occur in the early stage (preceding the malignant process), while methylation of other TSGs might occur in the later stage. Among the ten TSGs tested, only the 3OST2 gene methylation had relatively high sensitivity (68.8%) and specificity (62.5%). It also should be taken into account that the corresponding noncancerous liver tissues from HCC patients are usually accompanied by HBV infection and cirrhosis; therefore, the 3OST2 gene methyaltion might serve as a good biomarker for the early diagnosis of HCC, and further experiments conducted to detect the 3OST2 gene methylation in donated normal liver tissues may confirm its higher specificity for early diagnosis.

The 3OST2 gene encodes an O-sulfotransferase that is involved in the final modification step of glycosaminoglycan chains of heparin sulfate proteoglycans (HSPGs). HSPGs are important for migration, cell growth and adhesion because of their interactions with a wide range of growth factors, morphogens, cytokines and the extracellular matrix. Methylation-associated silencing of 3OST2 has been demonstrated in human breast, gastric, colon, lung and pancreatic cancers [@B26]-[@B28]; however, the methylation status was not clear in HCC. Our data indicated that 3OST2 promoter methylation may play an important role in hepatocellular carcinogenesis. We examined the relationship between 3OST2 methylation and the clinicopathological features; however, 3OST2 methylation could not act as a prognostic marker or a recurrence indicator, but only as a valuable diagnostic marker.

Unlike genetic alterations, all epigenetic changes are reversible. Many DNMT inhibitors and HDAC inhibitors are currently in clinical trials for their anti-cancer activities [@B29],[@B30]. Some TSGs can also be re-expressed through inhibition of HDAC inhibitors without affecting the hypermethylation status [@B31]. Interestingly, in our study, not only 5-Aza-CdR but also TSA could partially reverse the 3OST2 promoter methylation, and after combined treatment with 5-Aza-CdR and TSA, 3OST2 promoter methylation was completely reversed. Accordingly, mRNA expression additively increased, demonstrating the cross-talk between DNA methylation and histone modifications, and implying that HDAC inhibitors may regulate gene expression in a DNA methylation-dependent manner.

UHRF1, an essential cofactor for the maintenance of genomic DNA methylation, has multiple domains that confer a variety of functions to this protein. The SRA domain of UHRF1 can specifically recognize hemi-methylated DNA [@B15]-[@B17]. On the other hand, the PHD domain of UHRF1 recognizes methylated H3K9 [@B32]. Further studies indicated that UHRF1 often formed a complex with DNMT1 and HDAC1, and could bind to the methylated promoter of tumor suppressors such as p14 and p16 [@B33], to suppress their expression in cancer cells. Our results indicated that, for the first time, UHRF1 was overexpressed in HCC cells but not in normal liver cells, and could be downregulated by 5-Aza-CdR or TSA. Besides DNMT1 and HDAC1, Kim *et al.* reported that UHRF1 interacted with G9a (a histone methyltransferase) to enhance p21 transcriptional repression. These observations implied that UHRF1 may have an extended role in recruiting a broad range of chromatin modification enzymes during epigenetic regulation [@B34]. The structure of UHRF1 reveals that it contains H3R8-H3K9me3-H3S10 binding sites and our previous studies had demonstrated that the hypoacetylation and trimethylation of H3K9 were involved in the regulation of HCC-related TSGs [@B35],[@B36]. In the present study, we wanted to determine whether, in addition to UHRF1, histone H3R8 methylation was involved in the regulation of 3OST2. Arginine methylation is catalyzed by arginine methyltransferases (PRMTs) and can be monomethylated (me1) or di-methylated (me2), with the latter in a symmetrical or an asymmetrical configuration (me2s or me2a). Pal *et al.* reported that PRMT5 could dimethylate H3R8 to negatively regulate expression of ST7 and NM23 tumor suppressor genes [@B37]. However, our results revealed that H3R8me2s was a repressive mark, while H3R8me2a was linked to 3OST2 activation, which was opposite to the function of H3R8me2s. Although the western blotting results showed that H3R8me1 was present in HCC cells and was inhibited by 5-Aza-CdR and/or TSA, its regulatory role of 3OST2 remains unexplored. In our data, all three methylation states of H3R8 could be changed by 5-Aza-CdR and/or TSA, suggesting that the two inhibitors may affect not only DNMTs/HDACs, but also PRMTs, although which PRMT is involved requires further investigation. It should be noted that the methylation state of H3R82s in the 3OST2 promoter could only be changed by 5-Aza-CdR combined with TSA, implying that the enzymes involved might function as complexes.

In conclusion, our results provide a specific methylation profile for the diagnosis of HCC. 3OST2 methylation may play a critical role in the earliest steps of hepatocarcinogenesis and is directly regulated by UHRF1 protein. Therefore, 3OST2 may be considered as a novel biomarker for early diagnosis of HCC and a molecular target for gene therapy. We also describe that, for the first time, H3R8me2s acts as a repressive mark, while H3R8me2a was correlated with 3OST2 transcriptional activity in HCC.
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![Representative samples (n=3) of the methylation status of ten umor suppressor genes (TSGs) in 48 hepatocellular carcinomas (HCCs) and matched corresponding noncancerous tissues. The methylation-specific PCR (MSP) products in the M lanes indicate the presence of methylated alleles, and those in the U lanes indicate the presence of unmethylated allele; N, non-tumor; T, tumor.](jcav06p0740g001){#F1}

![(A) The methylation status of the 3OST2 promoter in normal liver cells and in HCC cells with or without 5-Aza-CdR and/or TSA treatment. The 3OST2 promoter was not methylated in normal liver cells and completely methylated (only methylated alleles were present) in HCC cells. This was partially reversed by 5-Aza-CdR or TSA treatment (both unmethylated and methylated alleles were present). When 5-Aza-CdR was combined with TSA, the promoter was completely reversed (only unmethylated alleles were present). (B) Real-time reverse transcription PCR (qRT-PCR) analysis of 3OST2 mRNA expression in HCC cells. Expression was normalized using β-actin as an internal control.](jcav06p0740g002){#F2}

![(A) Immunohistochemical analysis of UHRF1 protein expression in HCC cells with or without 5-Aza-CdR and/or TSA treatment. (a) Untreated HCC cells; (b) after 5-Aza-CdR treatment; (c) after TSA treatment; (d) after 5-Aza-CdR and TSA combined treatment; (e) Untreated normal liver cell line QSG-7701 cells. (B) qRT-PCR analysis of UHRF1 mRNA expression (C, D) Western blot analysis of UHRF1 protein expression; the ratio of UHRF1 to β-actin is shown on the y-axis. (E) Chromatin immunoprecipitation (ChIP)-quantitative real time PCR (qPCR) assay for UHRF1 on the 3OST2 promoter. Shown is the enrichment, relative to the input obtained in each ChIP sample.](jcav06p0740g003){#F3}

![(A) Western blot analysis of three methylation states of H3R8 (H3R8me1, H3R8me2s and H3R8me2a) in normal liver cells and HCC cells with or without 5-Aza-CdR and/or TSA treatment. (B-E) The ratio of H3R8me1/H3R8me2s/H3R8me2a to β-actin is shown on the y-axis. Note that H3R8me2a was not present in the HCC cells.](jcav06p0740g004){#F4}

![ChIP-qPCR assays for H3R8me2s and H3R8me2a on the 3OST2 promoter in normal liver cells and HCC cells with or without 5-Aza-CdR and/or TSA treatment. Cross-linked chromatin from HCC cells treated or untreated with 5-Aza-CdR and/or TSA underwent immunoprecipitation using control IgG, anti-UHRF1, anti-H3R8me2s or anti-H3R8me2a antibodies; the immunoprecipitated DNA was analyzed by qPCR using primers specific for 3OST2. Shown is the enrichment, relative to the input obtained in each ChIP samples.](jcav06p0740g005){#F5}

###### 

The Methylation-specific PCR primers of ten tumor suppressor genes

  Gene        Sense 5\'-3\'                  Antisense 5\'-3\'
  ----------- ------------------------------ -----------------------------------
  3OST2(M)    CGGTTGTTCGGAGTTTTATC           GTAACGCTACCACGACCACG
  3OST2(U)    TGGAGTTTTATTGTTTAGGATT         AAAACTCACATAACACTACCACA
  ppENK(M)    TGTGGGGAGTTATCGAGC             GCCTTCGCGAAAAAAATCG
  ppENK(U)    TTGTGTGGGGAGTTATTGAGT          CACCTTCACAAAAAAAATCAATC
  CHFR(M)     TTTCGTGATTCGTAGGCGAC           GCGATTAACTAACGACGACG
  CHFR(U)     TTTTGTGATTTGTAGGTGAT           ACAATTAACTAACAACAACA
  LKB1(M)     ACGAAGTTGATTTTGATCGGGTC        CGATACAAAATCTACGAACCGACG
  LKB1(U)     GGATGAAGTTGATTTTGATTGGGTT      ACCCAATACAAAATCTACAAACCAACA
  THBS1(M)    TGCGAGCGTTTTTTTAAATGC          TAAACTCGCAAACCAACTCG
  THBS1(U)    GTTTGGTTGTTGTTTATTGGTTG        CCTAAACTCACAAACCAACTCA
  HIC1(M)     TCGGTTTTCGCGTTTTGTTCGT         AACCGAAAACTATCAACCCTCG
  HIC1(U)     TTGGGTTTGGTTTTTGTGTTTTG        CACCCTAACACCACCCTAAC
  SLIT2(M)    CGGTTTAGGTTGCGGCGGAGTCGAGGGC   CGCGAAAACCCAACGAACCCGTAACAAAACGCG
  SLIT2(U)    TGGTTTAGGTTGTGGTGGAGTTGAGGGT   CACAAAAACCCAACAAACCCATAACAAAACACA
  EDNRB(M)    AAATTGCGGAGCGGTTATC            CCAAATCCGCGACAAACCG
  EDNRB(U)    GGTTTTGAAATTGTGGAGTGG          TCCCCAAATCCACAACAAAC
  COX2 (M)    TTAGATACGGCGGCGGCGGC           TCTTTACCCGAACGCTTCCG
  COX2 (U)    ATAGATTAGATATGGTGGTGGTGGT      CACAATCTTTACCCAAACACTTCCA
  CLDN-7(M)   GACGTTAGGTTATTTTCGGTC          AAACGCGTTTCTAAACGCCG
  CLDN-7(U)   TGGGGAAAGGGTGGTGTTG            TTACCCAATTTTAACCACCAC

###### 

Methylation profiling of tumor suppressor genes in primery HCCs and the matched corresponding noncancerous tissues

  -----------------------------------------------------------------------------------------
  Gene        Annealing temperature (℃)   Located\        Methylated\    Methylated\
                                          chromosome      rate in HCCs   rate in non-HCCs
  ----------- --------------------------- --------------- -------------- ------------------
  3OST2 (M)   60                          16p12           68.8%\*        37.5%

  3OST2 (U)   60                                                         

  ppENK(M)    62                          8q23-q24        56.3%          56.3%

  ppENK(U)    62                                                         

  CHFR (M)    58                          12q24.33        20.8%\*\*      2.1%

  CHFR (U)    53                                                         

  LKB1(M)     60                          19p13.3         4.2%           0%

  LKB1(U)     60                                                         

  THBS1(M)    62                          15q15           16.7%          22.9%

  THBS1(U)    62                                                         

  HIC1(M)     60                          17p13.3         66.7%          85.4%

  HIC1 (U)    60                                                         

  SLIT2 (M)   68                          4p15.2          97.9%          95.8%

  SLIT2 (U)   59                                                         

  EDNRB(M)    58                          13q22           93.8%          81.3%

  EDNRB(U)    58                                                         

  COX2 (M)    60                          1q25.2- q25.3   25%\*\*        4.2%

  COX2 (U)    60                                                         

  CLDN7 (M)   56                          17p13           10.4%          14.6%

  CLDN7 (U)   56                                                         
  -----------------------------------------------------------------------------------------

HCC, Hepatocellular carcinoma.

*P* value is relative to non-HCCs ( χ^2^ tests). \**P* \< 0.05; \*\**P* \< 0.01.
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